A compact switched-beam array antenna, based on a switched Butler matrix with four folded ground antennas, is presented for unmanned aerial vehicle (UAV) applications. The folded ground structure, including a slotted patch radiator surrounded by multiple air-gapped ground layers, is adopted to maximize compactness. The extra ground layers provide extra capacitive coupling around the patch antenna, resulting in a down-shift of resonant frequency and a reduction in the antenna size. Also, to optimize aerial operation with a wider beam coverage, the 1 × 4 array is integrated with a switched Butler matrix controlled by a microcontroller unit (MCU). The choice of the Butler matrix reduces the complexity of beamforming circuitry and avoids the use of high-cost phase shifters requiring extra control-bit signals. Further, the array antenna is optimized for high isolation among the antenna ports and a minimal UAV body effect. Then, the proposed structure was verified at 1.96 GHz for test purposes only, and the array size, excluding the antenna case, was 2.16λ o × 0.54λ o × 0.07λ o . The measured 10 dB impedance bandwidth for all antenna elements in the array was always better than 3.4%, and the isolation among the antenna ports was also better than 19 dB. The measured peak gain, excluding the loss of the switched Butler module, was about 9.98 dBi, on average. Lastly, the measured peak scan angles were observed at −39 • , −17 • , 9 • and 31 • according to switching modes.
Introduction
In recent years, unmanned aerial vehicles (UAVs) have played a critical role in various technical fields, such as warfare systems, security and surveillance, structural health monitoring, unmanned delivery, agricultural applications, and communication applications [1] [2] [3] [4] [5] . Typically, drones have been used widely more than ever in a variety of industries, with the increasing demand for drone-based sensors and radars, drone-based aerial base stations, autonomous drones for emergency response, and so on [6] [7] [8] [9] [10] . Since UAV applications, including drones, require a compact antenna system due to their weight limit, an optimal antenna structure for UAVs must be studied. Moreover, a flexible beam coverage is required to further maximize the aerial mobility and flying time of UAVs. As shown in Figure 1 , the modern UAV applications need multiple-device communication for controllers, infrastructures, base stations, vehicles, and/or various portable electronics. To ensure highly reliable UAV-to-ground communication, a beamforming technique must be used. This is because the use of a single omnidirectional antenna is susceptible to interferences from neighboring devices and a lack of gain in the long distance from the air to the ground. Further, since the antenna line-of-sight (LoS) keeps changing due to the three-dimensional mobility of UAVs, a beam-steering operation is required to maintain reliable communication channels.
That is, a compact array antenna for beamforming is required for future UAV applications. The array structures using conventional radiation elements like monopole, dipole, or patch antennas suffer from large size, including ground planes, and struggle to satisfy sufficient radiation efficiency and high directivity. Previously, there has been a lot of research into the realization of a compact antenna, including techniques such as inverted planar structures [11] [12] [13] , dielectric resonators [14] , simple patch antennas with reflectors [15] [16] [17] [18] [19] and shorting-pin structures [20, 21] . However, these techniques require the direct manipulation of radiating elements, and thus the optimization of the beam patterns becomes difficult with respect to the UAV body effect. To overcome the issues of the antenna size and the UAV body effect, a folded ground element [22] can be effectively used. The folded ground structure can adjust operation frequency and antenna gain through the air-gapped ground elements, without modifying the radiation element. Further, the UAV body effect on the antenna radiation can be mitigated because the radiation patch is geometrically shielded by three-dimensional folded ground layers, consisting of side ground walls and topped elements.
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Design of the Proposed Structure
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Measured Results
To verify the proposed structure, a single folded ground antenna was first constructed with the same FR4 substrate used in the simulation. The picture of the fabricated antenna, measured reflection coefficients and radiation patterns with the simulated results are shown in Figure 4 . The measured results showed a good agreement with the simulated results. Since the beamforming performance of the proposed array is to be driven by a 4 × 4 Butler matrix, the radiation patterns according to the ideal Butler matrix output phases are also simulated at 1.96 GHz. The peak gains are better than 10.9 dBi, and the four peak angles are observed at ±12 • and ±38 • with a half power beamwidth (HPBW) between 23 • and 27 • .
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To verify the proposed structure, a single folded ground antenna was first constructed with the same FR4 substrate used in the simulation. The picture of the fabricated antenna, measured reflection coefficients and radiation patterns with the simulated results are shown in Figure 4 . The measured results showed a good agreement with the simulated results. Further, the 1 × 4 array antenna module was implemented with a switched Butler matrix. The switched Butler matrix is configured by a single-pole-four-throw (SP4T) RF switch, four single-poledouble-throw (SP2T) RF switches connecting to external 50 Ω terminations, and four LTCC-based quadrature hybrid couplers, as shown in Figure 5a . The measured path losses and phases are also shown in Figure 5b -i. The maximum path loss including RF switches was about 1.9 dB. The measured magnitude balances for all operation modes were found to be approximately 0.6 ± 0.5 dB, showing a reasonable consistency. However, the measured phase balance showed a maximum deviation of 43° at mode 3 compared to an ideal phase balance. Further, the best phase balance was observed at mode 4, where all ports were phase-matched to the ideal values with a deviation of less than 11°. The comparison results are summarized in Table 1 , where the ideal phases are rescaled according to the measured phases of output 1 at each mode. However, the measured phase balance showed a maximum deviation of 43 • at mode 3 compared to an ideal phase balance. Further, the best phase balance was observed at mode 4, where all ports were phase-matched to the ideal values with a deviation of less than 11 • . The comparison results are summarized in Table 1 , where the ideal phases are rescaled according to the measured phases of output 1 at each mode. Lastly, Figure 6a shows the implementation of the proposed array antenna with a shield case to reduce the coupling effect among the antenna ports as well as the UAV body.
Electronics 2020, 9, Lastly, Figure 6a shows the implementation of the proposed array antenna with a shield case to reduce the coupling effect among the antenna ports as well as the UAV body. Further, the overall array antenna module including the switched Butler matrix is shown in Figure 6b . It is noted that the switched Butler matrix and MCU controller can be integrated into the mainboard of the UAV internally. To see the pure reflection coefficient and isolation characteristics of the proposed array antenna, the return losses and port-to-port isolation of Figure 6a were first measured as shown in Figure 7 . Here, the measured 10 dB impedance bandwidth varied from 3.4% Further, the overall array antenna module including the switched Butler matrix is shown in Figure 6b . It is noted that the switched Butler matrix and MCU controller can be integrated into the mainboard of the UAV internally. To see the pure reflection coefficient and isolation characteristics of the proposed array antenna, the return losses and port-to-port isolation of Figure 6a were first measured as shown in Figure 7 . Here, the measured 10 dB impedance bandwidth varied from 3.4% to 4.5% for each port. Also, the measured isolation magnitudes among the ports were always better than 19 dB within the measured 10 dB impedance bandwidth, showing a good agreement with the simulation.
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1 Figure 8 . The simulated and measured radiation patterns in the xz-plane for the switched beams.
Conclusions
Due to the increasing demand for the use of UAVs in many applications, a compact antenna with an efficient beamforming capability is needed more than ever. Thus, in this article, a new compact antenna module using a folded ground array structure was designed and verified at a test frequency of 1.96 GHz. The fabricated volume of the proposed array, excluding the shield case, was about 2.16 λ o × 0.54 λ o × 0.07 λ o . The measured 10 dB impedance bandwidths for all the antenna elements were better than 3.4%, and the isolation among the four antenna ports was always better than 19 dB. The measured average peak gain, excluding the loss of the switched Butler network, was approximately 9.98 dBi. Further, the measured peak scan angles were about −39 • , −17 • , 9 • and 31 • according to the switching operation of the Butler matrix, showing a good agreement with the simulated results.
